Directly imaging the atomic structures of small molecules at the ambient temperature greatly promoted the study of their chemical and physical properties, but have not been achieved under the (scanning) transmission electron microscopes ((S)TEMs). Here, we provided a general strategy to freeze the small molecules into the solid phase by the strong confinement and further image them using the STEMs at high temperatures. By enhancing the confinement to various small aromatics by the different interactions, we successfully resolved their configurations from the molecular to atomic scale, including the orientations of aromatics in MFI-type frameworks and the chemical bonds of C6rings in metal organic frameworks (MOFs). Based on the atomic-scale observations, we can directly identify the C-C π and σ bonds, and investigate their deformations at the interface of MOF crystals. These results helped us to atomically resolve the complex structures of small molecules and frameworks, expanding the applications of STEM to further study other single-molecule behaviors in the real space.
Achieving single-molecule imaging under diverse microscopes is always a milestone in nanotechnology and molecular sciences. Direct observation of individual molecules in the real space has been achieved by scanning tunneling and atomic force microscopy to identify the chemical bonds, molecular orbitals and intermolecular interactions of small molecules [1] [2] [3] [4] [5] [6] , which are of great significance for investigating their chemical and physical properties. Among all these methods, the (scanning) transmission electron microscopes ((S)TEMs) are the most powerful tools for the atomic-resolution imaging of nanoscale lattices and structures [7] [8] [9] [10] . Resolving small molecules by the (S)TEMs can provide more perspectives on their molecular configurations and behaviors beneath the surfaces from the information of detected transmission electrons. However, it is still challenging to obtain the high-resolution (S)TEM images of small molecules due to the rapid changes of molecular configurations and positions in their liquid or gas phase at high temperatures. Efficient strategies should be established to freeze these molecules under the (S)TEMs. For example, the Cryo-TEM has helped solving the problems on 3D imaging of singleparticle biological macromolecules with the near-atomic resolution [11] [12] [13] , promoting the outbreak of structural biology. During the Cryo-TEM imaging, the configurations were fixed in the rapidly frozen specimens surrounded by the vitreous water at an ultralow temperature 12 . However, in the studies of the catalysis, gas sorption and separation, we expect to image and analyze the behaviors of small molecules at the ambient or higher temperatures. Here, we provide a new strategy to freeze the configurations of aromatics from the liquid phase into a solid-like phase at the ambient temperature under the strong confinement of porous frameworks. Benefiting from the recent developments of a lowdose imaging technique, called the integrated differential phase contrast (iDPC) STEM ( Fig. S1 and Text S1) [14] [15] [16] [17] , we imaged the overlapping contrast of aromatic arrays in the solid phase and revealed the structural information of these small aromatics from their orientations to chemical bonds by gradually enhancing the interactions. And the iDPC-STEM images helped us to identify the chemical bonds and study their responses to the external stress. This work established a high-temperature freezing method to atomically image the small aromatics by electron microscopy, which promote our understandings on various molecular behaviors at the atomic or single-bond level. Fig. 1 introduces the systems that we imaged in this work, which are inspired by the molecular sorption and reticular chemistry. First, when adsorbed by the size-matched channels, the small aromatics will be frozen to form a 1D solid-like phase (an array of molecules aligned with a coherent orientation) by the strong van der Waals interactions. For example, we can confine the benzenes in the straight channels of a MFI-type Si/O framework ( Fig. S2 and S3 ), the silicalite-1 18 , directly image the benzene arrays in channels by the iDPC-STEM. Then, we replaced the benzenes and silicalite-1 by the pyridines and another Al-doping MFI-type framework with nearly the same structure, the ZSM-5 19 . The acid-base interactions between the N sites in pyridines and Al sites of ZSM-5 and the slightly changed channel geometry induced a stronger confinement to the 1D solid-like aromatics. Thus, the pyridines can be imaged with more stable configurations and higher contrasts. Finally, the development of reticular chemistry also provides an efficient method to freeze the aromatics in the solid reticular structures to further reject more degrees of freedom in molecular motion. For example, a typical metal-organic framework (MOF), the UiO-66 20 , is formed by connecting the 1,4benzenedicarboxylic acids (BDCs) and the Zr clusters, where the BDCs are completely fixed by the coordinate bonds, thus, even their atomic structures can be resolved by the iDPC-STEM.
Fig. 1 | The schematics of the strategy to freeze and resolve the small aromatics by enhancing the interactions and confinements.
First, we imaged the benzenes confined in the silicalite-1. Then, we imaged the pyridines confined in the ZSM-5. The enhanced confinement, due to the additional acid-base interaction and the slightly changed channel geometry, resulted in a clearer image of these aromatics with sharper shapes and higher contrasts. Finally, we imaged the BDC linkers fixed in the UiO-66 by the stronger coordinate interaction, which can even be atomically resolved with nearly static configurations. Fig. 2 shows the real-space imaging of aromatics confined in the MFI-type frameworks. The iDPC-STEM images of the empty MFI framework from the <010> projection are given in Fig. 2a and S4. Each Si (or Al) atom on the projection was clearly displayed without any contrast (intensity) in the straight channel. After we filling the MFI-type frameworks (including the silicalite-1 and ZSM-5) with different monocylic aromatics, some visible species appeared in these dark channels. Fig. 2b is the iDPC image of the benzenes confined in the straight channels of silicalite-1. The magnified image in Fig.  2c shows an obvious elliptical spot inside the single channel with its long axis nearly parallel to that of the elliptical Si10-ring. Due to the strong host-guest van der Waals interactions, the channels of MFI-type frameworks (with the size of ~5.6×5.3 Å 2 ) show an efficient confinement and shape-selectivity to various monocylic aromatics (with the kinetic diameter of ~5.8 Å). Theoretically, the C6-planes in benzenes preferred to be parallel the b-axis of MFI-type framework energetically, and oriented along the long axis of Si10-rings ( Fig. S5 and Text S2) [21] [22] [23] . Thus, the liquid benzenes were frozen into a 1D solid-like phase by the strong van der Waals interactions in channels at the ambient temperature, although they will still vibrate near the equilibrium positions during the dwell time of scanning. Then, the integrated contrast of the whole aromatic array was detected as an elliptical spot without atomic resolution. To better describe and compare the imaged aromatic spots, we used the profile analysis of iDPC-STEM images to define the spot sizes. The profile directions were nearly along the long and short axes of aromatic spots as marked by the red and blue arrows in Fig.   2c respectively. As measured in Fig. 2d , the peaks in the intensity profiles of the filled channels indicated the benzene spot with a size of 3.55×3.91 Å 2 compared to those of empty channels ( Fig. S6 ). Then, we used the ratio of peak widths from two directions (3.91/3.55, defined as the aspect ratio) to roughly describe the oscillation and rotation of the 1D solid-like benzenes during the imaging to estimate the strength of host-guest interactions. On the basis of the benzene/silicalite-1 system, which only contains the van der Waals interactions, we also established the pyridine/ZSM-5 system with very similar structure to introduce a stronger acid-base interaction. The iDPC-STEM image in Fig. 2e shows the <010> projection of ZSM-5 framework filled by pyridines, where the aromatic spots can also be observed. Compared with the benzene/silicalite-1 system, obviously, these pyridine spots exhibit higher contrasts, sharper elliptical shapes and clearer orientations. As we expected, the stronger interaction between the N and Al sites made the pyridines more stable in the frameworks. Thus, more aromatics were adsorbed (or less aromatics were desorbed during the specimen preparation and imaging process) to enhance the spot contrast and indicate the theoretical orientation of pyridines inside the MFI-type frameworks ( Fig. S5 and Text S2) 24, 25 . The magnified image and corresponding profile analysis ( Fig. 2f and g) also indicated that the pyridine spots in ZSM-5 owned higher aspect ratios (sharper shapes) than the benzene spots in the silicalite-1. In order to further investigate the strength of guest-host interactions, we also imaged the pyridine/silicalite-1 and benzene/ZSM-5 specimens as a comparison. The imaging results of these two systems were given in Supplementary Materials (Fig. S7 ). In these two systems, the aromatics were also confined in channels as the 1D solid-like phase by van der Waals interactions and showed the similar shapes and orientations with the benzenes in silicalite-1. In Fig. 2h , we measured the average aspect ratios of aromatic spots in the iDPC-STEM images of different specimens. As we expected, the benzenes and pyridines confined in the silicalite-1 were imaged as the spots with nearly the same aspect ratios. Moreover, we found that the slightly changed channel geometry by the Al doping in ZSM-5 could also enhance the van der Waals confinement to these aromatics ( Fig. S8 and S9, Text S3) 26, 27 . These two kinds of interactions (van der Waals and acidbase) collectively influenced the freezing and imaging of these aromatics in the MFItype frameworks. Thus, the aspect ratio of benzene spots increased a little in ZSM-5, while the pyridine spots in ZSM-5 showed the obviously sharpest shapes due to the additional acid-base interactions. These results expanded and improved the strategy to freeze the aromatics into the solidlike phase at the ambient temperature and resolve their configurations by enhancing the confinement of porous materials. Moreover, such freezing method still works at higher temperatures until the aromatics desorb from the frameworks. For example, in Fig. 2i , we found that the shapes and orientations of pyridines in ZSM-5 could also be clearly imaged at 250 °C. And, after heating to 350 °C then back to 100 °C, we observed the pyridines were desorbed from the framework and the straight channels became empty, consistent with the thermal gravimetric analysis (TGA) results ( Fig. S10 ). Directly identifying the configurations (orientations) of these aromatics in zeolite frameworks at different temperatures helps us to reveal the host-guest interactions and the sorption behaviors of hydrocarbon pools in the real catalysis. However, to resolve the atomic structures of these molecules by the STEM, stronger interactions should be introduced to further eliminate their degrees of freedom. The reticular chemistry is an available method to transfer the liquid small molecules to the stable solid frameworks. Typically, some aromatic linkers could coordinate with metal clusters to form the metal-organic frameworks (MOFs) with very stable molecular configurations 28, 29 . The UiO-66 is a typical MOF consisting of the monocylic BDC linkers and Zr nodes, which naturally meets our requirements to resolve the fixed C6-rings inside especially from the <110> projection ( Fig. S11 and S12 ). Although the imaging techniques for the beam-sensitive MOFs were developed rapidly, the atomically resolving of these organic linkers has not been achieved to date 30, 31 . Here, the iDPC-STEM helps us to broke this technical bottleneck with the atomic resolution. Fig. 3a exhibited the <110> projection of UiO-66 framework under the iDPC-STEM. The inset corresponding fast Fourier transition (FFT) pattern indicated an information transfer of about 1.2 Å. The averaged image was magnified in Fig. 3b , where the linker-node coordination was revealed highly consistent with the structural models, including the Zr octahedrons, the C6-rings in BDCs and the Zr-O coordinate bonds. First, in Fig. 3c , we exhibited the atomic imaging results of Zr octahedrons. The profile analysis ( Fig. 3d and e ) identified the positions of four Zr sites numbered along two intensity profiles. And we noticed in Fig.  3d that the peak between the sites of Zr-1 and Zr-2 (indicating the complex C and O components) was obviously closer to Zr-1. Thus, this asymmetry of Zr octahedrons can be revealed under the iDPC-STEM after a careful comparison with models owing to the achieved ultrahigh resolution. Then, more importantly, we atomically resolved the structures of the C6-rings in BDC linkers. As shown in Fig. 3b , we could identify two configurations of BDCs and then analyzed them in Fig. 3f and g respectively. The C6-ring of BDC resolved in Fig. 3f is perpendicular to the <110> projection, while the long molecular axis of BDC (C-C σ bonds) is parallel to this projection. In this projection of BDC, the overlapped C and O atoms cannot be resolved due to the limit of resolution. Thus, this BDC was imaged as the discrete spots, which represented the different parts of BDC structure as marked by the red dashed lines. Then, in the averaged intensity profile along the long molecular axis, the imaged spots are expressed as the discrete peaks. And the distances between them were defined as C'-C'(π), C'-C'(σ) and Zr'-O', which can be used to estimate and compare the lengths of C-C (π), C-C (σ) and coordinate bonds approximately further in Fig. 4 . Here, the symbol (') indicates that each part represents the position of unresolved atoms in the image, not the real position of each atom. Furthermore, the real lengths of chemical bonds in BDCs can be obtained from another configuration as shown in Fig. 3g . From three profiles marked by the colored arrows, the projected lengths of different C-C bonds in this BDC were measured directly, where the model, image and profile analysis are perfectly matched. Here, the projected lengths of two π bonds and two σ bonds were given respectively, and we can use their average values to identify these two kinds of C-C bonds. Since there is an angle of 30° between the <100> projection and the long molecular axis of this BDC, the real lengths of bonds should be obtained by dividing the projected lengths by cos30°. Thus, the lengths of C-C (π) and C-C (σ) bonds were calculated as 1.38 and 1.52 Å respectively, which is consistent with the theoretical difference between these two kinds of bonds (1.40 and 1.51 Å). At least, the C-C (π) and C-C (σ) bonds can be distinguished by their bond lengths in the real-space iDPC-STEM images. From MFI-type to UiO-66 frameworks, the imaging of aromatics has progressed from the molecular level to atomic (bond) level, which provided new pathways to the study of various intramolecular behaviors. Here, single-molecule mechanics at the interface of UiO-66 twin crystals (Fig. S13) were investigated based on the real-space imaging. The iDPC-STEM image in Fig. 4a revealed the twin structure of UiO-66 crystals from the <110> projection. And Fig. 4b shows the magnified averaged image at the interface. We found that the Zr octahedrons along the twin interface were distorted and rotated to connect the mismatched lattices on the both sides. Although we cannot completely describe such structural changes based on only one projection here, we can recognize the shift of Zr sites that were coordinated with O atoms after the distortion and rotation as shown in the schematics in Fig. 4c . And such change can result in a ~6% elongation of BDCs at the interface. Since the crystal at the lower right of Fig. 4a and b was perfectly focused and aligned to the <110> zone axis (while another was not), we can analyze the intensity profiles in this part of image to describe the intermolecular deformation in response to the external stress. In Fig. 4d , we compared two intensity profiles along the long molecular axes of BDCs at the bulk and interface respectively as marked by the red and blue arrows in Fig. 4b . We found that the distance between the two central peaks (C'-C'(π),1.89 Å) that represents the C6-rings structures wouldn't change after stretching at the interface, while other distances between peaks (C'-C'(σ) and Zr'-O') as marked in Fig. 4d were obviously increased by 1-3 pixel sizes. Then, we used the distances of C'-C'(π), C'-C'(σ) and Zr'-O' defined in Fig. 3 to investigate the changes of corresponding C-C (π), C-C (σ) and coordinate bonds at the interface, as shown in the statistics in Fig. 4e . It is obvious that the C-C (π) bond remained rigid with undetectable deformations of C'-C'(π) distance after stretching, while the C'-C'(σ) and Zr'-O' distances exhibited 6-10% elongations. Thus, these results revealed the higher rigidity of the C-C (π) bonds in the C6-rings compared with the adjacent C-C (σ) and coordinate bonds in response to the external stress by the direct observations. Based on the low-dose iDPC technique, we established and proved the strategy to image small molecules by the high-temperature-freezing electron microscopy. By using the strong confinement to freeze the liquid molecules into solid phase, we can atomically resolve the molecular structures and investigate the molecular behaviors at the ambient or even higher temperatures, such as the transitions of small molecules in catalysis and the configuration analysis of bio-macromolecules, with new perspectives on the atoms and bonds. For more complex molecules, we can also design the systems with proper interactions to freeze and resolve them according to this principle, where the imaged configurations will be closer to those in the ambient or other given conditions. And then, these interactions can be directly visualized and estimated, such as the van der Waals interactions in the MFI-type frameworks and the coordinate bonds in the UiO-66 shown in this work. These results will greatly expand the applications of electron microscopes to be the efficient tools for the molecular-scale characterizations in the catalysis, gas sorption and separation.
Materials and Methods
The synthesis of MFI-type zeolites The short-b-axis MFI-type zeolite crystals, including the ZSM-5 and silicalite-1, were synthesized by the hydrothermal method. For the ZSM-5, the tetrapropylammonium hydroxide (TPAOH, 25% in water, 13.1 g), tetraethylorthosilicate (TEOS, 11.2 g), isopropanol (IPA, 0.1 g), urea (2.0 g), Al(NO3)3·9H2O (0.3g) and NaOH (0.1 g) were used as reactants and stirred in 18.4 g H2O for 2 h. Then the mixture was transferred into an autoclave for the further crystallization. Before the mixture was quenched by cold water, it was heated to 180 °C with a rate of 15 °C/h and kept at 180 °C for another 48 h. The deionized water was used to wash the as-prepared Na-ZSM-5 crystals. The crystals were calcined at 500 °C for over 5 h to remove the templates. Then, the NH4-ZSM-5 crystals were obtained by the cation exchange in a 1 mol/L NH4NO3 solution. Finally, the H-ZSM-5 crystals were obtained after calcining the NH4-ZSM-5 at 550 °C for over 5 h. And the silicalite-1 crystals were synthesized by nearly the same process without adding the Al(NO3)3·9H2O and NaOH.
Filling the MFI-type zeolites with aromatics The MFI-type zeolite frameworks were filled by the aromatics, including the benzenes and pyridines, directly in the pure aromatic liquid under the ultrasound for 30 min. And the MFI-type zeolites were kept in the liquid for a long time for the sufficient diffusion of aromatics. Before the iDPC-STEM imaging, the zeolite crystals were fully dispersed in the liquids by the ultrasound.
The synthesis of UiO-66 During the synthesis of UiO-66 crystals, 163 mg ZrCl4 and BDCs with the same mole ratio were added to a 50 mL autoclave containing 30 mL DMF and 10 mL HAc. After sonicate for 30 min, the obtained solution was sealed in the autoclave and then kept at 120 °C. After 24 h, the autoclave was cooled down to the room temperature. The precipitates were centrifuged and the liquid was moved out. A mixture of DMF and methanol was used to wash the solid for three times and then pure methanol was used for one time. For each time, the suspension kept static for 12 h. The product was finally dried under vacuum at 60 °C for 12 h. Before the iDPC-STEM imaging, the UiO-66 crystals were fully dispersed in the methanol by the ultrasound.
The iDPC-STEM imaging A Cs-corrected STEM (FEI Titan Cubed Themis G2 300) was operated at 300 kV to obtained the iDPC-STEM images. The STEM was equipped with a DCOR+ spherical aberration corrector for the electron probe which was aligned using a standard gold sample before observations. The aberration coefficients are C1=2.27 nm; A1=0.41 nm; A2=1.76 nm; B2=15.1 nm; C3=217 nm; A3=417 nm; S3=97.6 nm; A4=2.16 µm, D4=3.77 µm, B4=6.69 µm, C5=187 µm, A5=168 µm, S5=55.2 µm, and R5=13.4 µm. The convergence semi-angle is 10 mrad. The collection semi-angles of iDPC-STEM images are 4-20 mrad. The beam current is lower than 0.1 pA. The averaged images were obtained by overlapping the multiple periodically-selected parts from the given image using the Smart Align software. The averaging process helped to improve the signal-to-noise ratio and the atom position reliability. The in situ heating experiment was conducted using the in situ holder (Protochips, Fusion 350), which was heated to different target temperatures with an ultrahigh heating rate of 1000 °C/ms. Fig. S1 . The set-up of the iDPC-STEM imaging and the corresponding images obtained by the 4-segmented annular detector for 2D integration.
Supporting Information
Text S1 The iDPC-STEM images were detected by the commercial DPC detector, which is a 4segmented annular detector as shown in Fig. S1 . First, we used the four images recorded by four segments of the annular detector (A, B, C, D) to obtain the vector DPC image. The x and y component of each point in the DPC image were calculated by A-C and B-D respectively. The DPC is a well-developed technique for analyzing the electric and magnetic fields inside the lattice. Then, the iDPC image resulted from a 2D integration of the DPC image. The detailed calculations were shown in the ref. 15, 16 . The iDPC-STEM represents the direct imaging of the phase of electron transmission function. And the intensity of each point is linear to the projected electric potential and nearly in direct proportion to the atomic number Z. It is beneficial for the imaging of small molecules that the iDPC technique can maintain a high resolution and signal-to-noise ratio under a low electron dose (<40 e -/Å 2 ) and show a high contrast of light elements to image the light and heavy atoms in one figure. Text S2 In addition to the base-acid interactions, the reason why the ZSM-5 framework is better at stabilizing aromatics than the silicalite-1 is the change of the channel geometry. After the aromatic adsorption, we used the profile analysis to investigate the aspect ratio of straight channel directly in the iDPC-STEM images. The aspect ratio of straight channel is defined as the ratio of two distances between the opposite Si peaks along two profile directions in Fig. 2C, F and S6b, e. The intensity profiles and measured Si-Si distances of four systems we studied in this work are given in Fig. S7 . And the average aspect ratios of these four systems are shown in Fig. S8 . We found that the aspect ratios of the ZSM-5 channels were larger than those of the silicalite-1 channels (or became closer to ellipses) after the aromatic adsorption, while such deformation has been reported using the macroscopic XRD and 29 Si solid-state MAS NMR methods in the ref. 26, 27 . Our observation revealed that the ZSM-5 showed a larger deformation due to the different framework rigidity and brought the additional stability for adsorbed aromatics, which is beneficial for the iDPC-STEM imaging of molecular configurations. 
